Proper initiation of transcription by RNA polymerase II requires the TATA-consensus-binding transcription factor TFIID. A cDNA clone encoding the Drosophila TFIID protein has been isolated and characterized. The deduced amino acid sequence reveals an open reading frame of 353 residues. The carboxyl-terminal 180 amino acids are approximately 80% identical to yeast TFID and 88% identical to human TFIIID. The amino-terminal portions of the yeast and Drosophila TFIID proteins lack appreciable homology, whereas the Drosophila and human amino termini appear qualitatively similar. In addition, the amino-terminal region of the Drosophila TFID contains several sequence motifs that are found in other Drosophia proteins which appear to regulate transcription. (6) (7) (8) . One key general transcription factor is TFIID, which binds to the TATA element in Drosophila (9), human (10, 11), and yeast (12) (13) (14). TFIID has been shown to be required for preinitiation complex formation, suggesting that it functions at an early critical step in the initiation process (15, 16). The yeast and human TFIID proteins function interchangeably to support a basal level oftranscription in vitro, implying significant structural conservation between these molecules (12) (13) (14).
The control of transcription initiation is an important regulatory step of eukaryotic gene expression. Initiation of transcription requires a set of general transcription factors that are shared by most genes transcribed by RNA polymerase II (refs. 1-4; for review, see ref. 5) . Alterations in the rates of transcriptional initiation are thought to be mediated by the interaction of transcriptional activators and repressors with components ofthe general transcription apparatus (6) (7) (8) . One key general transcription factor is TFIID, which binds to the TATA element in Drosophila (9) , human (10, 11), and yeast (12) (13) (14) . TFIID has been shown to be required for preinitiation complex formation, suggesting that it functions at an early critical step in the initiation process (15, 16) . The yeast and human TFIID proteins function interchangeably to support a basal level oftranscription in vitro, implying significant structural conservation between these molecules (12) (13) (14) .
The recent cloning ofthe yeast (Saccharomyces cerevisiae) TFIID gene has allowed an examination of the functional and putative structural properties of this transcription factor (17-21). Deletion analysis of yeast TFIID demonstrated that a core region exists which is required for DNA binding and transcriptional activity in vitro (17, 22) . To understand the molecular mechanisms regulating gene expression in higher eukaryotes, it is essential that analogous studies by undertaken in these organisms. In this report we (27) at the Nco I-BamHI restriction sites. A BamHI site was added to the EcoRI site of the TFIID insert by ligation of an EcoRIBamHI (duplex oligonucleotide) adaptor (New England Biolabs). The modified TFIID insert was then ligated into pET-8c cut with BamHI and Nco I. The 3' overhang of the TFIID Apa I site was joined to the 5' overhang of the Nco I site of pET-8c by use of an eight-base "bridging oligonucleotide" with sequence complementarity to both the Nco I and Apa I overhangs (5'-CATGGGCC-3'). The trimolecular ligation joined the initiating methionine codon of the pET-8c vector in-frame to the Gly-158 codon of the TFIID open reading frame. Plasmid DNA samples prepared from XL1-Abbreviations: PCR, polymerase chain reaction; IPTG, isopropyl ,B-D-thiogalactopyranoside. tTo whom reprint requests should be addressed. §The sequence reported in this paper has been deposited in the GenBank data base (accession no. M38388).
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Blue E. coli (recA-, T7 RNA polymerase-deficient; Stratagene) transformed with the above construct were sequenced to confirm the correct fusion of the translational reading frames.
For expression of the recombinant TFIID protein (p22), the TFIID-pET-8c construct was transformed into E. coli strain BL21(DE3), which contains an isopropyl j-D-thiogalactopyranoside (IPTG)-inducible copy of the T7 RNA polymerase gene (27) . Bacterial extracts were prepared from IPTGinduced cells (grown at 30°C) essentially as described (28). After guanidine solubilization, the lysate was centrifuged at 100,000 x g for 20 min and the supernatant was dialyzed against 100 mM KCI/25 mM Hepes-KOH, pH 7.9/10 mM MgCI2/0.1 mM EDTA/10% glycerol/1 mM dithiothreitol with pepstatin A (0.7 ,ug/ml), leupeptin (0.5 ,ug/ml), and 1 mM phenylmethylsulfonyl fluoride. For in vitro transcription reactions, IPTG-induced bacterial lysates were cleared by centrifugation at 31,000 x g and used directly without the guanidine solubilization/dialysis step.
DNase I Protection Analysis and in Vitro Transcription. The 5' deletion mutant, 5'A&8, of the Drosophila fushi tarazu (ftz) promoter (29) was labeled on the coding strand at the HindIII site -75 base pairs (bp) upstream of the TATA site by treatment with [y-32P]ATP and T4 polynucleotide kinase. Following excision with EcoRI, the -220-bp end-labeled template was purified by gel electrophoresis. Due to the presence of nuclease activity in the bacterial extracts, the DNA binding reactions were carried out in the absence of Mg2+ at 4°C. In a total volume of 25 Al, -1 ng of template DNA was incubated with the indicated amount of bacterial extract in 60 mM KCI/25 mM Hepes-KOH, pH 7.9/1 mM EDTA/10% glycerol containing poly(dG-dC) at 100 ,ug/ml. DNase I and MgCl2 were added to final concentrations of 400 ,ug/ml and 5 mM, respectively, and after 30 sec of digestion at 40C the reactions were stopped by the addition of 100 A1l of 1% sarkosyl/100 mM NaCl/100 mM Tris HCI, pH 8.0/10mM EDTA containing proteinase K at 100 ,ug/ml and calf thymus DNA at 25 pug/ml. After incubation at 550C for 15 min, phenol/chloroform extraction, and ethanol precipitation, the end-labeled protection products were analyzed by urea/ polyacrylamide gel electrophoresis.
In vitro transcription complementation assays were performed with HeLa cell nuclear extracts (30) in which endogenous TFIID activity was inactivated by heating to 470C for 15 min (31). Transcriptional activity was measured using aftz promoter/partial coding region template and specific initiations were detected by primer extension employing a 20-nucleotide primer complementary to + 103 to + 122 of the Drosophila ftz message.
Transcription reaction mixtures (25 p.I) contained 20 mM Hepes-KOH (pH 7.9, 220), 60 mM KCl, 8 mM MgCl2, 0.6 mM NTP, 0.5 mM dithiothreitol, 10% glycerol, supercoiled template (25 ,ug/ml), 75 ,ug of nuclear extract protein, and the indicated amounts of added protein fractions. The mixtures were incubated at 22°C for 1 hr and the reactions were stopped by the addition of 125 ,ul of 1% sarkosyl/100 mM NaCI/100 mM Tris HCI, pH 8.0/10 mM EDTA containing yeast tRNA at 100 ,ug/ml. After phenol/chloroform extraction and ethanol precipitation in the presence of 2. 32P-labeled pDmI-IV insert as described in Materials and Methods. The hybridization was performed in duplicate with each filter being washed at 65°C in either 2x SSC/0.1% NaDodSO4 or 0.1 x SSC/0.1% NaDodSO4. The hybridization profiles were identical for both wash stringencies;
the autoradiographic exposure of the 2x SSC-washed filter is shown. kb, Kilobases.
Biochemistry: Muhich et al. RESULTS A Drosophila TFIID cDNA clone was identified with a probe obtained by PCR amplification of Drosophila DNA, with primers selected from regions of low codon degeneracy within the yeast TFIID gene. The PCR products from various pairwise combinations of primers and Drosophila genomic DNA were initially screened by size. Products with a size corresponding to the fragment length predicted by that region of the yeast gene were isolated, cloned, and sequenced. The deduced amino acid sequences of the cloned PCR products were compared with the predicted S. cerevisiae sequence (18) . Fig. 1 presents the primer combinations that generated PCR products bearing amino acid sequence homology to the yeast TFIID protein. Primer combinations I plus III or IV, as well as II plus III or IV, yielded products of the expected size (as well as larger uncharacterized molecules). The sequences of these products revealed a high level of amino acid seProc. Natl. Acad. Sci. USA 87 (1990) quence identity with the corresponding regions of the S. cerevisiae TFIID gene. The largest appropriately sized PCR product, from primer combinations I plus IV, was a 173-bp DNA fragment encoding a 57-amino acid open reading frame with 84% sequence identity to the S. cerevisiae TFIID protein.
Hybridization of the cloned PCR product from primer combination I plus IV (pDmI-IV) to a Southern blot of Drosophila embryonic DNA is shown in Fig. 1B the DNA sequence is shown in Fig. 2 (Fig. 3) shows that the carboxyl-terminal 180 residues are highly conserved among all three species, with .80%o sequence identity. Yeast and Drosophila are 88% similar in this region if chemically conserved residues are included. Drosophila and human are even more closely related, with 88% identity and 95% of the residues chemically conserved.
In contrast to the carboxyl terminus, the amino-terminal portions of the Drosophila and human proteins differ greatly from the yeast protein. The amino-terminal regions of the Drosophila and human TFIID proteins, however, do resemble each other in certain respects. Drosophila TFIID contains two blocks of glutamine repeats, consisting of 6 and 8 residues, respectively (Fig. 2) . The human TFIID protein has one long stretch of 34 glutamine residues. Adjacent to the conserved region is another block of homology, which consists of a triplet repeat, PXT/S (where X is not a conserved residue). Preceding the Drosophila triplet repeats are two small glycine-rich blocks separated by three doublets of methionine.
To demonstrate that the cloned cDNA encodes a functional form of Drosophila TFIID, the conserved carboxyl-terminal 196 amino acids were inserted into a bacterial T7 expression vector (27) . A protein of the expected molecular mass (=z22 kDa) was produced in the induced bacterial cells (Fig. 4A) . The recombinant protein (p22) was tested for sequencespecific DNA binding by DNase I protection analysis using a DNA fragment derived from the ftz promoter (29) . The recombinant protein was capable of specific recognition of the functional TATA element of the ftz promoter (Fig. 4B) and the two upstream A+T-rich, TATA-like sequences (data not shown). The protected region was limited to the TATA sequence and did not extend to the start point oftranscription as was initially observed with partially purified preparations of TFIID from Drosophila (9) and human (11) cells.
To further demonstrate that a functional form of the Drosophila TFIID had been cloned, the recombinant protein was tested for its ability to reconstitute transcription in vitro. The assays used heat-treated HeLa cell nuclear extracts in which the endogenous TFIID activity had been inactivated by mild heat treatment (31). Addition of recombinant p22 protein to a heat-treated HeLa cell nuclear extract with the Drosophila ftz promoter as template restored specific initiation of transcription (Fig. 4C) .
DISCUSSION
Drosophila TFIID can be divided into two domains based on inspection of the primary amino acid sequence. The carboxyl-terminal half of the protein is highly conserved among yeast, Drosophila, and human. As shown in this report the conserved portion of the Drosophila TFIID suffices for specific DNA binding and activation of basal-level in vitro transcription. In addition, features previously described for the yeast carboxyl terminus can also be applied to the Drosophila and human sequence (18) . This includes the direct-repeat elements (20) , the Myc homology (34), the high density of basic residues, and the a homology (18, 32) .
Though not as conserved as the carboxyl-terminal TFIID domains, the Drosophila and human amino-terminal regions do retain several similar sequence motifs-most noticeably, the long stretch of glutamine residues in human and the two clusters found in Drosophila. Additionally, each region contains a cluster of PXT/S triplets adjacent to their conserved carboxyl-terminal domains which may serve as potential sites for phosphorylation.
The Drosophila amino terminus is relatively rich in serine and proline residues in areas that surround the glutamine repeats. This type of sequence motif is also found in Drosophila and mammalian (35, 36) transcriptional regulatory proteins. For example, the antennapedia (37) and engrailed (38) proteins contain 1 Yeast(S. c.) 89 Yeast (S. c.)
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